We used a PCR-based subtractive procedure to isolate genes that increased in abundance in the perianth of incipiently senescent daffodil (Narcissus pseudonarcissus L. 'Dutch Master') flowers. Using RNA gel blot analysis we confirmed that 18 of the transcripts were senescence-associated. A number of these have homologs in previously-studied senescing floral and leaf tissue systems (cysteine proteases, serine proteases, endonuclease, vacuole processing enzyme). Some showed homology to genes encoding proteins with transport functions (auxin efflux carrier protein, low affinity nitrate transporter), others to enzymes that may have a role in cellular signaling (RSH-like protein). A surprising number of the isolated genes either showed no homology with previously-reported sequences or were sequences with no known function. A strong association of some of the transcripts with senescence was also indicated by their enhanced accumulation in the perianth of detached daffodil flowers, which senesce earlier than attached flowers. #
Introduction
Few genes associated with petal senescence have been documented (reviewed in [1] ). Of those reported, some encode ACC synthases and ACC oxidases, enzymes that are involved in ethylene biosynthesis [2 Á/6] . Others encode hydrolytic enzymes such as cysteine proteinases, an S 1-type endonuclease, a carboxy PEP mutase, a bglucosidase, and a b-galactosidase [5,7 Á/9] . A few senescence-associated genes (SAGs) have been shown to encode enzymes involved in fatty acid metabolism such as glutathione-S -transferase, acyl CoA oxidase, inchain fatty acid hydrolase, allene oxide synthase and fatty acid elongase [10 Á/12] . The small number of SAGs that have been identified in senescing flowers can be dramatically contrasted with the many that have been identified in senescing leaves using a range of techniques including differential cDNA screening, differential display, subtractive cDNA libraries and enhancer trap technology [13 Á/17] .
Researchers have utilized their knowledge on SAG expression to engineer flowers with extended display life. For instance, carnation flowers that expressed an antisense copy of ACC oxidase [18] or the mutant ethylene receptor (etr1-1) of Arabidopsis thaliana [19] were found to last significantly longer than their wild type counterparts. In fact, the display life of the carnation flowers expressing the etr1-1 allele was greater than could be achieved by any postharvest treatment (silver thiosulfate, aminooxyacetic acid), with the flowers lasting up to 24 days. This represents approximately a 3-fold increase in floral longevity.
Unfortunately, many monocotyledonous flowers senesce independently of ethylene action, and so for these flowers other molecular targets need to be identified. Research with cycloheximide has indicated that synthesis of certain proteins is required for senescence to occur [20] . However, little is known about the identity of these important regulatory proteins and their associated genes.
We are interested in understanding the regulation of floral senescence in flowers that senesce independently of ethylene. We chose the daffodil (Narcissus pseudonarcissus L. 'Dutch Master') as our model system. Although these flowers do senesce prematurely when exposed to exogenous ethylene, inhibitors of ethylene action have minimal effect on their longevity (unpublished observation). In this study we report on the isolation and expression of genes that accumulate in the daffodil perianth as it senesces. We then further examined their association with senescence by determining their accumulation under conditions where senescence of the flower was accelerated.
Materials and methods

Plant material
Bulbs of 'Dutch Master' daffodils were obtained from the Oregon Bulb and Perennial Company (Sandy, OR) and were planted in pots (4 Á/5 per pot) containing a soil mix consisting of 50% perlite, 20.5% fir bark, 17% peat moss, and 12.5% sand (v/v). The bulbs were cooled at 7 8C for 15 weeks to induce floral bud formation and break dormancy. After 15 weeks of cooling the leaves were approximately 1 Á/2 cm above the soil surface. The pots were then transferred to the greenhouse until the flowers were at the bud-break stage (splitting of the spathe to reveal the yellow perianth). Upon bud break of the first flower, the pots were moved to a controlled interior environment (209/2 8C, ca. 55% relative humidity, 12 h photoperiod (15 mmol m (2 s (1 PAR from Cool White fluorescent lamps)) for opening, maturation and senescence.
Plant treatments
Each flower was tagged when it opened (at least five of the tepals perpendicular to the corona). Detached flowers were excised on the day of opening by trimming them just below the ovary and placed with cut pedicels in deionized water (DI). Day 0 (D0) represents a flower that opened on that day.
RNA isolation
Tepal and corona tissues were harvested, weighed, immediately frozen in liquid N 2 and stored at (/80 8C until needed. Total RNA was isolated from the stored tissue by the method of Wan and Wilkins [21] with the following modifications. A ratio of approximately 1 g of tissue to 5 ml of extraction buffer was used. Half the amount (0.75 mg) of Proteinase K (VWR, West Chester, PA) was added to the tissue in the extraction buffer. Following the overnight precipitation in 2 M LiCl, the RNA was cleaned once with chloroform, then ethanol precipitated and finally resuspended in an appropriate volume of sterile nanopure water (typically 50 ml). Poly A'/ RNA was isolated from total RNA by using the polyATtract mRNA Isolation System IV kit (Promega, Madison, WI) according to manufacturer's instructions. RNA was quantified at A260.
Subtracted cDNA library construction
The subtracted cDNA library was constructed from 1 mg of polyA'/ RNA isolated from perianth tissue of an attached daffodil flower open for 1 day (driver) and 4 days (tester) using a PCR-select TM cDNA Subtraction kit (Clontech, Palo Alto, CA) according to the manufacturer's instructions. Subtracted cDNA sequences were ligated into the pGEM † -T Easy vector system II (Promega) and cloned into JM109 high efficiency Escherichia coli competent cells supplied with the kit. Putative transformants were checked for presence of the insert by colony PCR. The PCR mix consisted of 0.2 U of Taq polymerase (Perkin Elmer, Wellesley, MA), 0.2 mM nested primers 1 and 2R (provided with the PCRselect kit), 0.1 mM dNTPs, and 1.5 mM MgCl 2 in a total volume of 10 ml. Conditions for the PCR were 5 min denaturation at 94 8C followed by 35 amplification cycles (10 s at 94 8C, 30 s at 66 8C, 90 s at 72 8C). Plasmids containing inserts were isolated from bacterial colonies using the QIAprep † Spin Miniprep Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The inserts of the purified plasmids were then sequenced with an automated DNA sequencer (model 377, PRISM, Applied Biosystems) at the Plant Genetics Facility on the UC Davis campus.
Sequence analysis
Sequences were analysed using the Lasergene EditSeq, Megalign, and SeqMan programs (DNASTAR, Madison, WI). Sequences were compared to sequences in the GenBank database using the BLASTX algorithm [22] . If the sequence was registered as an unknown protein, but had a conserved domain, the sequence was labeled according to its conserved domain.
Because the subtractive procedure involved restriction digestion of the double stranded cDNA it was possible that the method yielded E. coli colonies with inserts representing different regions of the same gene. To therefore minimize the occurrence of duplications in Table 1 , all the sequences listed were shown to either hybridize to different size mRNA on the RNA gel blot, and/or show homology to different sequences in the GenBank, or to be significantly different by alignment.
Reverse Northern and RNA gel blot analysis
For the reverse Northern analysis, gene transcripts were amplified by PCR from an aliquot of the appro-priate plasmid and separated by electrophoresis on a 1% agarose gel. The separated cDNA sequences were then transferred to a positively charged nylon membrane (Hybond TM -N'/, Amersham Pharmacia Biotech, Piscataway, NJ) as described by [23] . A 1 mg aliquot of poly A'/ RNA isolated from D1 and D4 petal tissue was radiolabeled according to the method of [24] and the radiolabeled population of cDNA (calculated to give equal specific activity) was hybridized to the duplicate membranes bathing in Ultrahyb TM Ultrasensitive Hybridization Buffer (Ambion) and incubated at 66 8C overnight. Membranes were washed for 15 min at 65 8C in 2)/SSC (0.3 M NaCl/0.03 M sodium citrate pH 7.2)/ 0.1% (w/v) sodium lauryl sulfate (SDS); the washes were then repeated in 1)/SSC/0.1% SDS, and 0.1 )/SSC/ 0.1% SDS. Membranes were analyzed for radioactivity using the Molecular Dynamics STORM † Phosphorimager System.
For conventional RNA gel blot analysis, the RNA was denatured in 2.7 M formaldehyde and separated in a 1% (w/v) agarose gel containing 0.22 M formaldehyde by electrophoresis at 100 V for 3Á/5 h. The separated ribonucleic acids were then transferred to a positively charged nylon membrane as described above.
SAG cDNA sequences were labeled with 32 P-dATP using the random primed Strip-EZ TM DNA labeling kit (Ambion, Austin, TX) and purified through microcolumns (ProbeQuant G50, Amersham). The denatured labeled probes were then hybridized to the RNA on the membranes that were bathed in Ultrahyb TM Ultrasensitive Hybridization Buffer (Ambion) and incubated at 42 8C overnight. Genes were isolated by a PCR-based subtractive procedure that preferentially selected for those gene transcripts that were in higher abundance in day 4 flowers. Ath, Arabidopsis thaliana ; Msa, Medicago sativa ; P, Phaeleonopsis ; Npl, Nicotiana plumbifolia ; Rco, Ricinus communis ; Osa, Oryza sativa ; Bol, Brassica oleraceae ; Ama, Antirhinum majus , Aof, Asparagus officinalis , Pvu, Phaseolus vulgaris ; H, Hemerocallis ; Gma, Glycine max ; Cme, Cucumis melo ; Car, Cicer arietum ; Can, Capsicum annuum ; Ade, Actinidia deliciosa ; Zma, Zea mays ; Tla, Typha latifolia ; Ini, Ipomoea nil . Numbers in superscript correspond to genes whose accumulation was examined by RNA gel blot analysis. %, percentage identity of the daffodil sequence at the amino acid level to the corresponding sequence in the GenBank.
* Sequences shown by reverse Northern analysis to be upregulated in the perianth of the D4 flower.
Results
Isolation and sequence identification of putative senescence-associated gene transcripts
We constructed a cDNA library that selected for sequences that were more highly expressed in 4-day-old incipiently senescent tepals than in tepals of flowers that had been open for 1 day (D1). Sequencing of 93 independent insert-containing transformants revealed that 54 were distinct and showed similarities to a diverse array of genes in the GenBank database. These sequences are listed in Table 1 .
Expression of the gene transcripts in the senescing perianth
Results from an initial reverse Northern analysis that compared the abundance of the isolated sequences in the tepals of D1 and D4 flowers confirmed that many of the sequences (or closely related homologs) were more highly expressed in D4 flowers (data not shown). These sequences are indicated in Table 1 by an asterisk. Conventional RNA gel blot analysis was used to examine the time course of upregulation of some of these sequences as well as that of additional genes whose transcripts were not detected by the reverse Northern procedure. The transcripts chosen for RNA gel blot analysis are homologous with genes of quite diverse function and many were chosen for their novelty or because they have no presently-assigned function in the database. A total of 22 sequences were tested by RNA gel blot analysis. Of these, ten were examined using RNA isolated from tepals harvested on D0, 1, 3, 4, and 5 ( Fig. 1) and a further 12 using RNA isolated from corona tissue harvested on D1 and 4 (Fig. 2) . Of the ten transcripts, the expression of two (putative methyl transferase and serine/threonine receptor-like kinase) was very low and showed no time-dependent changes in abundance (data not shown). However, the levels of the other eight transcripts (DAFSAGs 1Á/8, Table 2 ) increased in the perianth over the 5-day time period (Fig. 1) . In general, the expression of the sequences was not specific to the senescing perianth, since transcripts were also detected in the perianth of the newly opened (D0) flowers, albeit at a much reduced level. The exceptions to this were the nitrate transporter (DAF-SAG 7) and subtilisin (DAFSAG 5) which, under our conditions, could not be detected in the tepals at D0 (Fig. 1) . There was no appreciable change in expression of the transcripts between D0 and D1 (when the flower became fully expanded). However, by D3 (1 day prior to the first signs of tepal discoloration), higher levels of all the SAG transcripts were detected and with time the levels increased to be highest in the tepals of flowers at D5, the last time point examined. Twelve of the other 22 Fig. 1 . Accumulation of gene transcripts in the perianth of attached daffodil flowers during senescence. The tepals of attached flowers were harvested at different days after opening (00/day of opening). The experiment was conducted in a controlled interior environment as described in Section 2. Total RNA (20 mg) was isolated from the tepal tissue of the attached flowers, separated by gel electrophoresis, transferred to a nylon membrane and hybridized with the eight senescence-associated genes listed in Table 2 . Equal loading of RNA was checked by both ethidium bromide staining and hybridization of the RNA to a ribosomal RNA. A representative blot hybridized with the ribosomal RNA probe is shown. Fig. 2 . Accumulation of gene transcripts in the perianth of attached daffodil flowers during aging. Corona tissue was harvested from flowers that had been open for 1 and 4 days in a controlled interior environment as described in Section 2. Poly A'/ RNA was isolated from the corona tissue, 1 mg separated by electrophoresis, transferred to a nylon membrane and hybridized with the chosen gene transcripts listed in Table 2 . Equal loading of RNA was checked by ethidium bromide staining. The experiments were repeated once with similar results.
sequences were analyzed in the corona tissue at D1 and D4 (Fig. 2) . Of these, ten were found to be clearly upregulated in the D4 flower, two of them, DAFSAGs 11 and 17 (RSH-like protein and polygalacturonase inhibitor protein respectively) appearing to be specifically expressed in the senescing floral tissue. The other two sequences (accession numbers AF462201 and AF462225) encoded putative proteins whose expression was not clear due to their low abundance (data not shown). All the sequences showing enhanced expression in the senescing perianth tissue were given a daffodil senescence-associated gene (DAFSAG) prefix in front of their corresponding number. Their putative functions, percentage amino acid identities, fragment lengths, size of the transcript to which they hybridized, and accession numbers are shown in Table 2 .
Effect of detaching flowers on accumulation of DAFSAG 1Á/8 transcripts
Flowers detached at the base of their pedicels and held in water senesced faster than those that were left attached to the plant (Table 3 ). The greatest difference in the timing of senescence between attached and detached flowers was the time to collapse of the corona, which occurred 2.5 days earlier in the detached flowers. The accelerated senescence of the detached flowers was associated with higher expression in the perianth of all eight DAFSAG transcripts (1 Á/8) we tested (Fig. 3) .
Discussion
The sequences we isolated from incipiently senescent perianth tissue of daffodils encode proteins of diverse functions: from enzymes involved in protein and nucleic acid breakdown to proteins involved in wall modifications, cellular signaling, and transport processes. It is not surprising that many of the genes encoded enzymes with hydrolytic activity. Previous studies have indicated that floral senescence is accompanied by increased hydrolytic activity. For example, ribonuclease and hglucosidase activities increase in senescing corollas of the ephemeral morning glory [25] , acid phosphatase, ribonuclease and ATPase activities are elevated in senescing petals of carnation [26] and cellulase, poly- Transcripts of the above genes were shown by RNA gel blot analysis to increase in abundance in the perianth as it senesced. Ath, Arabidopsis thaliana ; Npl, Nicotiana plumbifolia ; Rco, Osa, Oryza sativa ; H, Hemerocallis ; Car, Cicer arietum ; Tla, Typha latifolia . % ident., percentage identity of the sequence at the amino acid level.
* Putative size was estimated from the size of the mRNA the cDNA probe hybridized to on the RNA gel blot. Onset corresponds to the first detectable signs of discoloration at tepal margins, 50% when the discoloration is present approximately 1 cm in from the margin tip, and corona collapse when the rough edge of the corona margin had lost substantial turgidity and become smooth or bent over. For attached and detached flowers, n0 45, and 20 respectively. Significant differences were determined using Tukey's multiple comparison of the means. Means followed by the same number in an individual column are not significantly different at P B 0.05. galacturonase and b-galactosidase activities are greater in senescing petals of daylily [27] .
In agreement with these studies, we found that tepal senescence of daffodil was associated with increased gene expression of an S 1-type endonuclease, cysteine protease, vacuolar processing enzyme, subtilisin, and serine carboxypeptidase. S1-type endonucleases are glycoproteins that cleave single-stranded DNA and RNA. Their activity most likely causes the lower yields of RNA obtained from senescing tissues [28, 29] . In daylily, single stranded nuclease activity was reported to increase at least 6 h prior to flower opening, which is 18 h before visible senescence of the cells [30] . Cycloheximide, a chemical that delays senescence of the daylily flower, prevented the increase in nuclease activity pointing to the importance of de novo protein synthesis for driving the senescence program. It is the nucleases that most likely degrade nucleic acids to aid recycling of phosphorus and nitrogen. However, it is also possible that nucleases have more of a direct role in controlling the senescence program.
Protease activity increases in many tissues undergoing senescence [31 Á/33] . This enhanced proteolytic activity most likely causes the changes in protein profiles and general decline in protein levels reported in senescing petals [34, 29] . As well as having a role in recycling of nutrients, proteases may have important functions in inducing signals specific to programmed cell death by processing or releasing bioactive molecules or by activating cell surface receptors [35] . Petal senescence appears to involve a whole suite of proteases that increase in activity. In daylily, activities of three classes of proteases; cysteine, serine and metallo-proteinases, were shown to increase in the petals as they senesced [32] . The importance of this proteolytic activity in daylily flower senescence was, in part, confirmed by finding that inhibitors of the 26S proteasome (the ubiquitin-mediated proteolytic pathway) were able to delay ion leakage in the petals. In our study, we identified a number of novel SAG transcripts that encode several distinct classes of proteases, e.g. cysteine proteases, vacuolar processing enzymes, serine proteases and serine carboxypeptidases.
Cysteine proteases have emerged as key enzymes in regulating apoptosis in animal cells. Their activity has also been shown to be instrumental for regulating programmed cell death in certain plant cells [33] . For example, ectopic expression of cystatin, a specific inhibitor of cysteine proteases, in soybean cells, was found to inhibit induction of cysteine protease activity and block the programmed cell death triggered by a pathogen or oxidative stress. Several genes encoding cysteine proteases were identified in the incipiently senescent daffodil perianth. The enzymes encoded by these genes, like their homologs in soybean, may be important in regulating the senescence program.
Vacuolar-processing enzymes (VPEs) are specific cysteine proteases thought to be responsible for the maturation of vacuolar proteins in plants. In the past, VPEs have been studied in seed vacuoles where they cleave proproteins at the carbonyl side of asparagine residues to release the mature forms [36] . VPE homologs have also been identified in lytic vacuoles in senescing leaves of Arabidopsis [37] where they are believed to activate senescence-inducible hydrolytic enzymes. To our knowledge, the VPE we identified in our subtracted library (DAFSAG3) is the first to be identified in flowers and may be involved in activating important Fig. 3 . Accumulation of gene transcripts in the perianth of detached daffodil flowers during senescence. The tepals of detached flowers held in DI were harvested at different days after opening (00/day of opening). The experiment was conducted in a controlled interior environment as described in Section 2. Total RNA (20 mg) was isolated from the tepal tissue of the detached flowers, separated by electrophoresis in the same gel as used for the attached tissue, transferred to the same nylon membrane and hybridized with the eight senescenceassociated genes (DAFSAGs 1 Á/8) listed in Table 2 . Equal loading of RNA was checked by both ethidium bromide staining and hybridization of the RNA to a ribosomal RNA. A representative blot hybridized with the ribosomal RNA probe is shown.
senescence-associated hydrolytic enzymes as does its vegetative counterparts.
Subtilisins (carbonyl hydrolases) are proteases that have a serine at their active site. In animals they activate peptide hormones, neuropeptides, growth factors and receptor proteins [38] . In plants their function is less clear. The subtilisin-like serine proteases appear to be part of a large divergent multigene family whose members are tightly and differentially regulated by a number of developmental and environmental cues [39 Á/ 41] . Previously, there has been little evidence for a role of subtilisins in programmed cell death, although accumulation of a subtilisin in the tapetum of lily (a part of the anther that undergoes programmed cell death) has been reported [42] . Protease activity has also been shown to be repressed in extracts of daylily petals by known serine protease inhibitors [32] . We now have clearly shown a strong association of a gene encoding a subtilisin with petal senescence.
Serine carboxypeptidases cleave the peptide bond between the penultimate and carboxyterminal amino acid residues of their protein or peptide substrates and therefore the enzyme encoded by DAFSAG 19 is most likely involved in the protein breakdown that occurs in the senescing perianth.
Other sequences in our library showed highest similarity to genes encoding transport enzymes. Some of these, such as the nitrate transporters, have been isolated from the roots of A. thaliana where they were shown to mediate nitrate uptake from the soil [43] . No nitrate transporters have been characterized in senescing flowers. Presumably, in daffodils, the low affinity nitrate transporter functions to remobilize nitrogen from the senescing perianth tissue to other parts of the plant. The regulation of auxin transport in senescing flowers has not been previously studied either. It is known that exogenously supplied auxins can affect the floral senescence program in certain flowers. For example, in orchids, application of indole acetic acid to the stigma initiates most of the post-pollination events associated with the senescence of the flower [44] , and in carnations, exogenously applied auxin induces accumulation of ACC synthase transcripts and ethylene which leads to premature senescence of the petals [6] .
Polygalacturonase inhibitor proteins have been isolated from nectar of a number of flowers and have been reported to inhibit fungal polygalacturonases [45] . As yet, no inhibition of plant polygalacturonases has been reported [46, 47] . The role of the inhibitor proteins may be to protect the perianth from pathogen attack as the perianth's integrity becomes comprised during senescence.
Metallothionein proteins are ubiquitous low molecular weight (60 Á/80 amino acid residues), high metal content, cysteine-rich proteins found in animals, plants, and fungi that sequester metal ions such as zinc, copper, cadmium and mercury [48] . They are thought to influence a variety of cellular processes including redox reactions, electron transfer, enzyme catalyzed reactions and nucleic acid metabolism. The genes encoding the metallothionein proteins are differentially expressed in plants and are induced by a number of environmental cues such as, ozone [49, 50] , heat shock, heavy metals and sucrose starvation [51] . Metallothionein genes are also induced during plant development, for example in the tapetum of Zea mays [52] , in ripening tissue of grape [53] , apple [54] , and raspberry [55] , and in senescing leaves of Brassica napus [14, 56] . Buchanan-Wollaston [56] speculated that metallothioneins might sequester metal ions released during protein breakdown as part of a detoxification, transport and/or storage mechanism. It is likely that the enzyme encoded by DAFSAG 8 has a similar function.
The timing of transcript accumulation differed among the genes that we examined. Some transcripts such as those encoding the subtilisin, nitrate transporter, RSHlike protein, and polygalacturonase inhibitor protein showed little or no expression in the perianth tissue of the D0 and D1 flowers suggesting that the enzymes encoded by these genes may perform a function specific to the senescence program. Others were also expressed, albeit at much lower levels, in newly opened flowers. These gene products may have roles in both flower development and senescence.
Many of the transcripts identified in this study are likely involved in executing the floral senescence program rather than initiating it because their levels in the perianth continued to rise as the attached flower continued to senesce. The timing of their accumulation also suggests that the senescence program is initiated soon after full opening and well before visual symptoms are manifested. Their importance as components of the senescence program is further supported by finding that their expression is enhanced in the detached flowers that senesced more rapidly than attached flowers. Although this study predominantly focused on genes whose abundance increased during the senescence process, gene transcripts that decline in abundance may be just as important. Indeed it may be the regulation of these genes that ultimately provides the clue as to what triggers the initiation of the senescence program in flowers.
Seven of the 18 genes that we confirmed as being senescence-associated were of unknown function, clearly indicating that there is much to learn about the floral senescence program. The advent of microarrays coupled with 2-D analysis of proteins, transgenic manipulation and perhaps posttranscriptional gene silencing strategies should provide a more complete picture of the genes and proteins involved in the process and their interaction.
